The initiation of axonal filopodia is the first step in the formation of collateral branches and synaptic structures. In sensory neurons, nerve growth factor (NGF) promotes the formation of axonal filopodia and branches. However, the signaling and cytoskeletal mechanisms of NGF-induced initiation of axonal filopodia are not clear. Axonal filopodia arise from precursor axonal cytoskeletal structures termed filamentous actin (F-actin) patches. Patches form spontaneously and are transient. Although filopodia emerge from patches, only a fraction of patches normally gives rise to filopodia. Using chicken sensory neurons and live imaging of enhanced yellow fluorescent protein (eYFP)-actin dynamics, we report that NGF promotes the formation of axonal filopodia by increasing the rate of F-actin patch formation but not the fraction of patches that give rise to filopodia. We also demonstrate that activation of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway is sufficient and required for driving the formation of axonal F-actin patches, filopodia, and axon branches. Using the green fluorescent protein-plekstrin homology domain of Akt, which targets to PI3K-generated phosphatidylinositol-3,4,5-triphosphate (PIP 3 ), we report localized microdomains of PIP 3 accumulation that form in synchrony with F-actin patches and that NGF promotes the formation of microdomains of PIP 3 and patches. Finally, we find that, in NGF, F-actin patches form in association with axonal mitochondria and oxidative phosphorylation is required for patch formation. This investigation demonstrates that surprisingly NGF promotes formation of axonal filopodia by increasing the formation of cytoskeletal filopodial precursors (patches) through localized microdomains of PI3K signaling but not the emergence of filopodia from patches.
Introduction
The axon is characterized by a cytoskeleton consisting of a prominent array of microtubules and neurofilaments but sparse actin filaments [filamentous actin (F-actin)] and minimal protrusive activity (for review, see Letourneau, 2009 ). The shaft of the axon forms behind the advancing growth cone through the process of consolidation, which suppresses protrusive activity and maintains the growth cone polarized at the tip of the axon (Dent and Gertler, 2003) . Filopodia are finger-like protrusions that form through polymerization and reorganization of the axonal F-actin cytoskeleton (Steketee et al., 2001; Svitkina et al., 2003; Faix et al., 2009) . The formation of filopodia from the axon is the first step in the generation of axon collateral branches and synaptic structures. Extracellular signals, including neurotrophins, regulate the formation of filopodia, branches, and synapses (Cohen-Cory and Fraser, 1995; Bastmeyer and O'Leary, 1996 Takei and Nawa, 1998; Gallo and Letourneau, 2000; Kalil et al., 2000; Dwivedy et al., 2007; Yoshihara et al., 2009 ). However, a coherent understanding of the spatiotemporal dynamics of the cytoskeletal reorganization underlying the formation axonal filopodia is lacking.
The defining characteristic of filopodia is a bundle of F-actin that supports and drives the extension of the filopodium. Recent studies have determined that axonal and dendritic filopodia emerge from precursor F-actin structures (Lau et al., 1999; Andersen et al., 2005; Loudon et al., 2006; Korobova and Svitkina, 2008; Mingorance-Le Meur and O'Connor, 2009) , which in embryonic sensory neurons we have termed "axonal F-actin patches" (Loudon et al., 2006; Gallo, 2006) . F-actin patches are localized accumulations of F-actin that form spontaneously, grow in size, and eventually dissipate. Filopodia arise from patches, but only a subset of patches gives rise to filopodia. Thus, the cytoskeletal reorganization leading to formation of filopodia from the axon precedes the emergence of the filopodium.
Phosphoinositide 3-kinase (PI3K) is activated by nerve growth factor (NGF) signaling through the TrkA receptor (Soltoff et al., 1992) , and inhibition of PI3K prevents NGF-induced filopodial formation (Gallo and Letourneau, 1998) . PI3K regulates the dynamics of dendritic filopodia in response to neurotrophins (Luikart et al., 2008 ) and the branching of axons and dendrites (Jaworski et al., 2005; Kwon et al., 2006; Drinjakovic et al., 2010) , presumably through regulation of F-actin by downstream signaling components (e.g., Akt, Rac1 GTPase, ERM proteins) (Cosker and Eickholt, 2007) . However, the specific roles of PI3K in regulating the cytoskeletal dynamics leading to formation of filopodia from the axon shaft remain to be elucidated. We report that localized microdomains of axonal PI3K activity drive the formation of axonal F-actin patches and show that NGF increases the formation of axonal filopodia by signaling through PI3K-Akt to promote the rate of formation of F-actin patches but surprisingly not the emergence of filopodia from F-actin patches. Collectively, the results place PI3K as a major determinant of the formation of axonal filopodia from the earliest stage of the cytoskeletal mechanism, ultimately leading to the formation of filopodia and branches from the axon.
Materials and Methods
Tissue culture. Embryonic day 7 (E7) chicken dorsal root ganglia (DRG) (eggs obtained from Charles River Laboratories) were cultured as explants or dissociated for transfection following published protocols (Loudon et al., 2006) . Explants and dissociated neurons were cultured in defined medium (F-12H with additives; Invitrogen) on glass coverslips or video dishes (Whitlon and Baas, 1992 ) coated with 25 g/ml laminin (Invitrogen) following published protocols (Lelkes et al., 2006; Ketschek et al., 2007) . NGF treatment was standardized using 20 ng/ml for beforeafter treatment experimental designs and when neurons were cultured in the continuous presence of NGF.
Transfection. Dissociated neurons from 40 E7 DRGs were transfected with enhanced yellow fluorescent protein (eYFP)-␤-actin (Clontech), mCherry-␤-actin (kindly provided by Dr. E. Dent, University of Wisconsin, Madison, WI), mCherry-CAAX (kind gift from Drs. E. Dent and W. Bement, University of Wisconsin), and plekstrin homology (PH)-Akt-green fluorescent protein (GFP) plasmid (Addgene) (Kwon et al., 2007) . Plasmids were prepared using standard methods (Qiaprep kit; Qiagen). Transfections were performed using the Amaxa Biosystems Nucleofector II setting G-013 using the transfection reagents of the manufacturer as directed and 10 g of plasmid per transfection. Immediately after electroporation, the dissociated cells were cultured overnight in F-12H medium on video dishes.
Reagents. NGF was obtained from R & D Systems and used at a final concentration of 20 ng/ml. The control antennapedia peptide (Antp), the PI3K peptide [Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln-Asn-Arg-Arg-MetLys-Trp-Lys-Lys-Ser-Asp-Gly-Gly-Tyr(PO 3 H 2 )-Met-Asp-Met-Ser] and an additional control consisting of the PI3Kpep peptide with the Tyr(PO 3 H 2 ) replaced by an alanine were synthesized by American Peptide Company (95-99% purity). All peptides were dissolved at 0.5 mg/ml in F-12H medium, used at a final concentration of 50 g/ml (Williams and Doherty, 1999; Chadborn et al., 2006; Gallo, 2008) , and stored at Ϫ70°C. The PI3K inhibitor LY294002 [2-(4-morpholinyl)-8-phenyl-1(4 H)-benzopyran-4-one], in solution, was obtained from Calbiochem and used at a final concentration of 10 M. The Akt Inhibitor VII (Akti) was purchased from Calbiochem dissolved with F-12H medium for a stock concentration of 100 M and used at a final concentration of 50 M. To block binding of integrins to laminin, we used a well established blocking antibody to chicken ␤1 integrins (W1B10; Sigma), which we have characterized previously in our culturing system (Ketschek et al., 2007) .
Imaging of cytoskeletal dynamics and mitochondria. All imaging, data acquisition, and analysis were performed using a Carl Zeiss 200M microscope equipped with an Orca ER camera (Hamamatsu) (same imaging setup as described previously by Loudon et al., 2006) . Live and fixed cultures were observed using a 100ϫ, 1.3 numerical aperture objective for both phase and fluorescence microscopy. For live imaging, the stage was heated and held constant by a Carl Zeiss multiplate heating insert with objective heater. Quantitative analysis of patches was performed using the protocols previously described by Loudon et al. (2006) . To measure ␤-actin patch formation and lifespans, images were acquired using 6 s interframe intervals for 3-5 min. Time-lapse and quantitative analysis was performed using the interactive measurement module of the AxioVision Software. Mitochondria in eYFP-actin-transfected axons were labeled by a 30 min treatment with 0.05 nM MitoTracker Red (Invitrogen) . To determine the relationship between formation of actin patches and mitochondria, when an eYFP-actin patch was observed to form, we switched to the mitochondrial channel and determined whether the patch colocalized with a mitochondrion.
Immunocytochemistry. To detect the distribution of ␤-integrins along axons, we used an antibody to the extracellular domain of chicken ␤1-integrin (W1B10; Sigma). We similarly used an antibody to the extracellular domain of TrkA (kind gift from Dr. F. Lefcort, University of Montana, Bozeman, MT) as we described previously (Gallo et al., 1997) . For combined antibody and phalloidin staining, cells were grown on coverslips, fixed with 0.25% glutaraldehyde for 15 min, washed and treated with sodium borohydride (2 mg/ml) for 15 min, followed by a 15 min treatment with blocking solution (BLK) consisting of 10% goat serum in PBS. Primary antibodies to ␤1-integrin (1:400) or TrkA (1: 1000) were applied in BLK along with anti-tubulin directly conjugated to fluorescein (DM1A-FITC; Sigma). The tubulin antibody has the function of reporting on regions of the axon with compromised axonal membrane permeability, which were excluded from analysis in determining the distribution of extracellular receptors (as in the study by Lemons and Condic, 2006 ) (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). After washing with PBS (three times) and additional treatment with BLK (15 min), cells were then stained with Alexa-647-phalloidin to detect F-actin (Invitrogen) following the directions of the manufacturer and rhodamine-conjugated secondary antibodies directed to the receptor antibodies for 40 min in BLK containing 0.1% Triton X-100. Coverslips were mounted in no-fade medium and stored at Ϫ20°C until analysis.
Statistical analysis. All statistical analysis was performed using Instat software (GraphPad Software). When datasets did not satisfy the Kolmogorov-Smirnov test using the Dallal and Wilkinson approximation for normality automatically performed by the software, then nonparametric tests were selected. Analysis of the distribution of data into categories was performed using the 2 test. Although shown as percentage to normalize across groups, 2 test were performed on the raw datasets and not the normalized percentage values.
Results

NGF promotes formation of axonal filopodia by increasing the rate of formation of F-actin patches
Axonal filopodia emerge from precursor structures characterized by accumulations of F-actin along the axon shaft (axonal F-actin patches: Lau et al., 1999; Andersen et al., 2005; Loudon et al., 2006; Korobova and Svitkina, 2008; Mingorance-Le Meur and O'Connor, 2009) . As determined by live imaging of the dynamics of fluorescently labeled actin, F-actin patches form spontaneously in the axon shaft, and their life cycle can be operationally defined as consisting of four phases (Fig. 1 A) : (1) "initiation," the initial formation of a patch, followed by (2) "elaboration" as the patch increases in size and actin content, (3) patch "dissipation" as the patch decreases in size and eventually fades, and (4) the "transition phase," representing the emergence of a protrusive filopodial shaft from a patch. Although filopodia emerge from patches, only a subset of F-actin patches enter the transition phase and give rise to filopodia before fully dissipating (Loudon et al., 2006) .
In our studies, we used embryonic day 7 chicken dorsal root ganglion neurons because they can be cultured on laminin in the absence of neurotrophins (Guan et al., 2003; Roche et al., 2009 ). These culturing conditions select for NGF-responsive TrkApositive neurons, allowing investigation of NGF-naive axons before and after treatment with NGF (supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material). Treat-ment of NGF-naive neurons with soluble NGF increased the numbers of axonal filopodia by increasing the rate of formation of filopodia (Fig. 1 B) (counts of filopodial numbers shown in supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material). To elucidate the mechanism by which NGF regulates the formation of filopodia from F-actin patches, we determined the effects of NGF treatment (30 min) on axonal actin dynamics in NGF-naive embryonic neurons transfected with eYFP-␤-actin. We imaged actin dynamics in the same axons before and after treatment with NGF and determined (1) the rate of F-actin patch initiation (patches/distal 20 m of axon/3 min), (2) percentage of patches that enter the transition phase thereby giving rise to a filopodium (transition frequency), and (3) the lifespan of the F-actin patches (time from when patch is first detectable above background to when it is no longer detectable above background) (as performed previously by Loudon et al., 2006) . NGF treatment increased the frequency of F-actin patch initiation compared with control (Fig. 1C) . However, NGF treatment did not alter the percentage of patches transitioning into filopodia (Fig. 1 D) . Independent of NGF treatment, 23-27% of axonal eYFP-␤-actin patches gave rise to filopodia (Fig. 1 D) . Furthermore, we found no difference in the lifespan of the actin patches after NGF treatment (Fig. 1 E) . The observation that NGF increases the rate of F-actin patch formation was confirmed by counting the numbers of F-actin patches in axons stained with phalloidin, which exhibited increased numbers of patches (supplemental Fig. S1B , available at www.jneurosci.org as supplemental material) and was also observed in the before-after treatment live-imaging approach using mCherry-␤-actin ( p Ͻ 0.01; n ϭ 13 axons). These data reveal that NGF controls the formation of filopodia by regulating the frequency of formation of F-actin patches but does not regulate the probability that a patch will give rise to a filopodium or the lifespan of patches. Thus, the mechanism underlying the initiation of F-actin patches is the major target of NGF signaling resulting in increase rates of axonal filopodial formation.
Localized axonal microdomains of phosphatidylinositol (3,4,5)-trisphosphate accumulation correlate with formation and development of F-actin patches NGF signals through the receptor tyrosine kinase TrkA, resulting in activation of multiple signaling pathway, including the PI3K and downstream serine-threonine kinase Akt pathway (for review, see Kaplan and Miller, 2000) . We have shown previously that inhibition of PI3K blocks the formation of axonal filopodia (Gallo and Letourneau, 1998) , but the specific role of PI3K in the cytoskeletal dynamics underlying the formation of filopodia is not known. We thus sought to investigate the spatiotemporal dynamics of PI3K activity in axons relative to the dynamics of axonal F-actin patches, the precursors to formation of filopodia from the axon. PI3K phosphorylates the membrane lipid phosphatidylinositol (4,5)-bisphosphate (PIP 2 ), resulting in increased levels of phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) (Cantley, 2002) . PIP 3 in turn targets the downstream kinase Akt to the membrane through binding the PH domain of Akt (Lemmons et al., 2002) . We therefore used GFP-Akt-PH domain (Kwon et al., 2007) to monitor the localization of PIP 3 along axons growing from neurons cultured in the presence of NGF. For analysis, we selected neurons with low expression levels of GFP-Akt-PH so not to compete with the binding of endogenous proteins to PIP 3 while also allowing local differences in GFP signal to be detectable above background (for additional information, see Materials and Methods). Initial imaging studies revealed "microdomains" of GFP-Akt-PH accumulation along axons and at sites that subsequently gave rise to filopodia (Fig. 2 A) . The mean rate of formation of microdomains of GFP-Akt-PH accumulation was decreased by 92% after treatment with 10 M LY294002, a well characterized inhibitor of PI3K (Kong and Yamori, 2008 ) (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material), consistent with the notion that GFP-Akt-PH reports on the localized activity of PI3K. We next determined whether microdomains of GFP-Akt-PH correlated in space and time with initiation and development of axonal F-actin Figure 1 . NGF promotes formation of axonal filopodia through increasing the rate of formation of axonal F-actin patches. A, Schematic of the "life cycle" of axonal F-actin patches as determined through live imaging of axonal actin dynamics using genetically encoded fluorescently labeled actin (eYFP-actin; time-lapse sequence, seconds denoted). Initiation of patches is defined as when a focal spot of actin fluorescence increases in intensity above the background signal present in the axon, defining the location of patch formation. The elaboration phase reflects the increase in intensity and size of the patch (0 -12 s). Eventually, patches enter the dissipation phase as they decrease in intensity and size and eventually are no longer detectable above background signal (15-24 s). The lifespan of patches is defined as the time lapsed between initiation and full dissipation. Filopodia emerge from patches during the lifespan of patches. We refer to the emergence of a filopodium from a patch as the transition phase (arrow at 15 s). In embryonic day 7 cultured sensory axons, ϳ25% of patches enter the transition phase (see D). B, NGF treatment promotes the rate of formation of axonal filopodia. Data in B-D are from the same axons (n ϭ 14) transfected with eYFP-␤-actin. Data were collected from the distal 20 m of the axon before and after treatment with NGF. C, NGF treatment increases the rate of formation of axonal F-actin patches. D, NGF treatment does not affect the percentage of F-actin patches that enter the transition phase. E, NGF does not affect the lifespan of F-actin patches. Statistical p values obtained from paired t tests (2-tailed values shown).
patches reported by mCherry-actin and found that microdomains of GFP-Akt-PH formed in synchrony with axonal F-actin patches (Fig. 2 B) . Interestingly, microdomains of GFP-Akt-PH persisted throughout the lifespan of axonal F-actin patches and dissipated with a temporal profile similar to F-actin patches (Fig. 2C ), indicating that PI3K activity may regulate F-actin patches throughout their development. Correlation analysis of the lifespans of axonal F-actin patches and their respective microdomains of GFP-Akt-PH revealed a coefficient (r 2 ) of 0.86, and the slope of the correlation (0.9 Ϯ 0.1 SEM) was significantly different from zero ( p Ͻ 0.0001). Finally, we imaged the initiation and development of microdomains of GFP-Akt-PH and axonal F-actin patches using a 2 s interframe interval to further characterize the relationship between these two events. We found that 84% (n ϭ 25) became detectable in synchrony, and 16% of microdomains became detectable 2-4 s before F-actin patches (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Similar to data acquired using a 6 s time interval, the lifespans of microdomains and patches were highly correlated (r 2 ϭ 0.94). Collectively, these data confirm the synchrony between formation of microdomains and F-actin patches.
Expression of PH-Akt-GFP allowed us to visualize accumulation of the reporter along axons. However, there can be no confidence that all sites of accumulation can be detected in every axon because of the background signal in the relatively large volume of the axon. Therefore, to determine the degree of correlation between the formation of microdomains of PH-Akt-GFP and axonal F-actin patches, we focused on detectable microdomains of PH-Akt-GFP and then determined whether these microdomains correlated with sites of F-actin patch formation (revealed by mCherry-actin). Using this analytical approach, we determined that 94 and 92% of microdomains of PH-Akt-GFP colocalized with axonal F-actin patches in axons cultured in the absence (n ϭ 47) or presence (n ϭ 39) of NGF, respectively. Given that inhibition of PI3K blocked the formation of almost all F-actin patches regardless of NGF treatment ( Fig. 3B) , we believe that cases in which F-actin patches formed without detectable microdomains of PH-Akt-GFP are attributable to issues related to detection limit for microdomains of PH-Akt-GFP relative to the background signal in the large volume of the axon. . Between 0 and 6 s, a focal accumulation of PH-Akt-GFP develops slightly to the right of the existing filopodium (red arrow), and between 6 and 12 s, a filopodium emerges from the region exhibiting the accumulation of PH-Akt-GFP. B, Dual imaging of PH-Akt-GFP and mCherry-actin. Between 0 and 18 s, three separate F-actin patches are formed in close vicinity in the axon, and each patch colocalizes with a microdomain of PH-Akt-GFP (yellow arrows). C, Time-lapse sequence of dual imaging of PH-Akt-GFP and mCherry-actin showing the synchronous initiation, elaboration, and dissipation of two F-actin patches and associated microdomains of PH-Akt-GFP (numbers indicates seconds). D, Examples of PH-Akt-GFP and mCherry-actin levels in axonal filopodia before and after NGF treatment. The PH-Akt-GFP signal in the axon appears saturated as a result of the need to increase contrast so as to reveal the relatively lower signal in the filopodial shafts. E, Quantification of the mean intensity of PH-Akt-GFP signal in the shafts of filopodia of 13 neurons (each neuron shown with a different color line) before and after treatment with NGF. The post value is expressed relative to the pre value for each neuron (set at 100%). NGF treatment induced a mean increase of 53% in the levels of PH-Akt-GFP in the shafts of axonal filopodia.
Microdomains of PH-Akt-GFP and actin patches are not reflective of volumetric changes or accumulation of membrane. Imaging of axons cotransfected with DsRed (Discosoma sp. red fluorescent protein), as a volumetric reporter, and PH-Akt-GFP did not reveal volumetric differences at sites of microdomain formation (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). CAAX is a membrane targeting sequence that targets proteins to the plasma membrane (Fu and Casey, 1999; Philips, 2005) . We did not detect accumulations of mCherry-CAAX, at sites of actin patch formation reported by eGFP-actin (supplemental Fig. S4 , available at www.jneurosci. org as supplemental material).
NGF promotes the formation of localized axonal microdomains of PIP 3
To determine the effects of NGF on axonal microdomains of PIP 3 , revealed by GFP-Akt-PH accumulation, we used a beforeafter treatment with NGF imaging paradigm in the same neurons. Similar to its effects on the formation of actin patches, NGF promoted the rate of formation of GFP-Akt-PH -microdomains in axons. Before treatment with NGF, axons exhibited formation of 3.8 Ϯ 0.38 microdomains/3 min/distal 40 m of axon compared with 8.2 Ϯ 0.6 after NGF ( p Ͻ 0.005, paired t test). Axonal microdomains of GFP-Akt-PH were present in the absence of NGF and correlated with axonal F-actin patch formation, indicating that NGF-independent patch formation is also controlled by PI3K activity, an issue addressed in subsequent experiments (see Fig. 3 ). Regardless of NGF treatment, axonal F-actin patches formed in synchrony with microdomains of GFP-Akt-PH and their respective lifespans exhibited similar correlations: r 2 before NGF ϭ 0.87 slope ϭ 0.9 Ϯ 0.1; r 2 after NGF ϭ 0.81 slope ϭ 0.95 Ϯ 0.11. Thus, NGF activates the coordinated formation of axonal F-actin patches and microdomains of PIP 3 but does not alter the net dynamics of their development. We also determined whether NGF treatment altered the levels of GFP-Akt-PH in the shafts of axonal filopodia. Axons transfected with GFP-Akt-PH and mCherry-actin were imaged before and after treatment with NGF. The mean intensity of GFP-Akt-PH was determined in 6 -10 axonal filopodia per neuron, and the mean value for each neuron was determined before and after NGF treatment. This metric revealed a 53% increase in the mean intensity of GFP-Akt-PH in the shafts of filopodia after NGF treatment (Fig. 2 D, E) . Using a similar analysis, we did not detect a change in the mCherryactin signal in the same filopodia (data not shown; p Ͼ 0.6). Thus, NGF treatment affects the localization of GFP-Akt-PH, reflective of PIP 3 accumulation, in both axonal F-actin patches and filopodial shafts. It will be of interest to determine whether and how the activity of PI3K in microdomains is translated into increased activity of PI3K in filopodial shafts. However, this seems unlikely because filopodia often persist longer than patches and the associated microdomains, required to initiate them. The filopodium may represent a defined subcellular domain of PI3K signaling as has been shown for calcium signaling (Davenport et al., 1993; Robles et al., 2003) .
The PI3K-Akt pathway is required for NGF-dependent and -independent formation of F-actin patches and filopodia
The formation of axonal F-actin patches correlates with axonal microdomains of GFP-Akt-PH both before and after treatment with NGF. Therefore, we sought to determine the role of PI3K in the formation of axonal F-actin patches and filopodia. PI3K activity was inhibited using 10 M LY294002 in a before-after treatment experimental paradigm imaging axonal actin dynamics. Treatment with LY294002 greatly diminished the rate of formation of filopodia (Fig. 3A) and axonal F-actin patches (Fig. 3B ) regardless of NGF treatment. We next sought to determine whether Akt, a downstream effector of PI3K targeted to sites of PI3K activity through its PH domain, is involved in the formation of axonal F-actin patches by treating cultures with Akt inhibitor VII (Hiromura et al., 2004) . Inhibition of Akt, similar to inhibition of PI3K, greatly decreased the rate of formation of axonal filopodia (Fig. 3C ) and F-actin patches (Fig. 3D) regardless of NGF treatment. In conjunction with the observation of axonal microdomains of GFP-Akt-PH, these data indicate that Akt activity downstream of localized PI3K activity is required for initiation of F-actin patches in both the presence and absence of NGF.
Direct activation of PI3K is sufficient to promote the formation of axonal F-actin patches and filopodia
We next sought to determine whether direct activation of PI3K, in the absence of additional pathways activated by NGF, could promote the formation of axonal F-actin patches and filopodia. To directly activate PI3K, we treated neurons with a cell- Inhibition of PI3K and Akt blocks formation of NGF-independent and NGF-induced axonal F-actin patches. A, The rate of formation of filopodia from the distal 20 m of axons was tracked using phase-contrast optics (100ϫ) from axons before and after treatment with the PI3K inhibitor LY294002 (LY; 10 M) in the absence of NGF (NGFϪ) or cotreatment with NGF (NGFϩ) and LY294002 (30 min treatments in all cases). A total of 13 (NGFϪ) and 14 (NGFϩ) axons were measured. All data are expressed normalized to the pretreatment group. B, LY294002 blocks formation of F-actin patches in the presence (ϩ) or absence (Ϫ) of NGF. The rate of axonal F-actin patch formation was determined from imaging of eYFP-actin-transfected axons as in Figure 1 . A total of 10 (NGFϪ) and 11 (NGFϩ) axons were measured using the before-after treatment design as in A. C, The experiment was performed as in A but using 50 M Akti. No filopodia were observed to form (N.O.) after treatment with Akti in the absence or presence of NGF, demonstrating a strong inhibitory effect but preventing statistical analysis. A total of eight (NGFϪ) and seven (NGFϩ) axons were measured. D, Akti blocks formation of F-actin patches in the presence or absence of NGF. Similar to C, the rate of patch formation was determined from eight (NGFϪ) and nine (NGFϩ) axons. Paired t test was performed.
permeable peptide consisting of a phosphorylated EGFR sequence that directly activates PI3K activity (Williams and Doherty, 1999; Chadborn et al., 2006; Gallo, 2008) . Axonal actin dynamics were monitored in eYFP-actin-transfected neurons in the absence of NGF treated for 40 -100 min with either the cellpermeable PI3K activating peptide (PI3Kpep) or one of two control peptides consisting either of only the cell-permeable domain (antennapedia) or the PI3Kpep with the phospho-tyrosine replaced by alanine (PI3KpepAla). Relative to control peptides, PI3Kpep caused striking changes in axonal morphology characterized by increased numbers of filopodia (Fig. 4 A) . PI3Kpep promoted the rate of axonal F-actin patch initiation (Fig. 4 B) and also increased the lifespan of patches (Fig. 4C ) but did not affect the percentage of patches that gave rise to filopodia (transition frequency) (Fig. 4C) . Treatment with PI3KpepAla (19 axons, 93 patches) did not alter the lifespan of patches ( p Ͼ 0.2) or the transition frequency ( p Ͼ 0.7) relative to baseline cultures without NGF. However, PI3KpepAla decreased the rate of formation of axonal eYFP-actin patches by 36% ( p ϭ 0.04). A slight inhibitory effect of PI3KpepAla was also detected as a 20% decrease of the number of patches detected by phalloidin staining ( p ϭ 0.07; n ϭ 54 -56 axons per group). Collectively, the data demonstrate that PI3Kpep promotes patch formation, whereas the PI3KpepAla has minor inhibitory effects, perhaps as a result of partially binding PI3K but not activating it.
Because PI3Kpep increased the lifespan of patches but did not affect the transition frequency, we determined whether PI3Kpep altered the point during the lifespan of patches when they underwent transition and gave rise to a filopodium. To obtain sufficient temporal resolution, for this analysis, we focused on patches with lifespans Ն30 s in both Antp and PI3Kpep groups. Patches underwent transition at the 62 ϩ 8% (n ϭ 14) and 66 ϩ 4% (n ϭ 23) point of the lifespan in Antp-and PI3Kpep-treated axons ( p ϭ 0.69), respectively, in which 0% is the time of patch initiation and 100% is full dissipation. Thus, although PI3Kpep increased the lifespan of patches, the patches gave rise to filopodia at the same relative point in their temporal development as control patches. Collectively, these observations indicate that activation of PI3K with PI3Kpep promotes patch formation and increases their lifespans, but the mechanism of transition to filopodial emergence from patches remains relatively unaffected as evidenced by a lack of effect on the transition frequency and the time point when transition occurs during the lifespan of the patches. The discrepancy between the increase in lifespan observed with PI3Kpep treatment but not with NGF treatment likely reflects a difference between receptor-mediated activation of the PI3K pathway (e.g., receptor desensitization, internalization, activation of additional pathways) and the direct manipulation of the pathway using a reagent that is expected to drive PI3K activity until otherwise overwhelmed by endogenous negative regulatory mechanisms (e.g., phosphatases). Indeed, previous work has shown the presence of endogenous signaling loops that can control the extent of PI3K signaling (Merlot and Firtel, 2003) .
Interestingly, in both Antp-and PI3Kpep-treated axons, we noted that the rate of formation of axonal F-actin patches was greatest in the distal-most 0 -20 m of the axon relative to the more proximal 20 -40 m (Fig. 4 B) , consistent with our previous report of a similar gradient in the formation of filopodia imaged using phase-contrast microscopy (Loudon et al., 2006) . The difference between the mean rate of patch formation between the two axon segments was of 35 and 37% in the Antp and PI3Kpep axons, respectively. The observation that activation of PI3K increases the rate of F-actin patch formation, but does not alter the normal gradient in the competency of the axon to form F-actin patches, indicates that additional required components of the mechanism of F-actin patch formation are heterogeneously distributed within the axon in a manner independent of PI3K activity.
Analysis of fixed axons stained with phalloidin, to detect F-actin, confirmed that treatment with PI3Kpep increased the numbers of patches and filopodia in a manner dependent on Akt activity (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Furthermore, cotreatment with PI3Kpep and NGF did not have additive effects on the numbers of axonal filopodia (Fig. 4 D) , consistent with the idea that PI3K signaling is downstream of NGF in the regulation of F-actin patches. Finally, treatment with PI3Kpep promoted the rate of formation of axonal microdomains of GFP-Akt-PH. Axons treated with the antennapedia peptide formed 2.36 Ϯ 0.25 microdomains/3 min/distal 20 m of axon (n ϭ 24) compared with 4.08 Ϯ 0.39 in axons treated with PI3Kpep (n ϭ 22; p Ͻ 0.0001).
Direct activation of PI3K is sufficient to increase the number of axon branches
We thus sought to determine whether treatment with PI3Kpep, to directly activate PI3K, could promote formation of axon collateral branches. Collateral branches were defined as axonal projections longer than 10 m and containing microtubules, which reflect mature branches supported by a microtubule cytoskeleton Letourneau, 1998, 1999) . As determined by analysis of cultures stained to reveal microtubules (Gallo and Letourneau, 1998) , treatment for 2 h with PI3Kpep increased the numbers of axon collateral branches present along the distal 100 m of axons relative to treatment with the antennapedia peptide alone (Fig.   4 E, F ) . Thus, direct activation of PI3K promotes the formation of axonal filopodia and also the formation of mature axon branches. PI3K activity and NGF treatment promote branching of axonal filopodia PI3K activity has been reported in the shafts of dendritic filopodia (Luikart et al., 2008) , and we similarly detected increased levels of GFP-Akt-PH in the shafts of axonal filopodia after treatment with NGF (Fig. 2 D, E) . Thus, we also investigated potential roles of PI3K in regulation of the dynamics of axonal filopodia. Analysis of filopodial dynamics revealed that treatment with PI3Kpep did not alter the percentage of filopodia that remained stable (i.e., exhibiting neither protrusion nor retraction) during the imaging period (Fig. 5A) . However, in the presence of PI3Kpep, filopodia that were dynamic more frequently exhibited both protrusion and retraction relative to control peptide-treated filopodia (Fig.  5A ). This observation indicates that PI3K activity promotes cycling between protrusion and retraction but does not "awaken" stable filopodia.
We observed that the axonal filopodia of PI3Kpep-treated neurons exhibited increased branching, as reflected by the presence of one or more additional filopodial shafts emerging from the primary filopodial shaft (Fig. 5B) . Only 14% of filopodia along the axons of neurons treated with the control peptide (antennapedia) exhibited branching compared with 39% after treatment with PI3K (n Ͼ 180 filopodia per group; 2 test, p Ͻ 0.0001). Similarly, analysis of the percentage of filopodia that underwent branching during the time-lapse video sequences re- , relative to Antp, increased the percentage of filopodia that exhibited actin patches but has no effect on the probability that a filopodial patch will give rise to a branch.
2 tests.
vealed that PI3Kpep treatment increased the probability that a filopodium underwent one or more instances of branching. Although 4% of filopodia underwent branching in the antennapedia-treated samples, 14% branched in the presence of PI3Kpep ( 2 test, p Ͻ 0.005). Treatment with NGF increased the percentage of branched filopodia in a manner similar to direct activation of PI3K and increased the percentage of filopodia with one or more branches from 13 to 35% ( 2 test, p Ͻ 0.03; n ϭ 50 and 49 of phalloidinstained axons scored, respectively).
Imaging of actin dynamics revealed that filopodial branching, similar to formation of axonal filopodia, was preceded by a focal accumulation of actin located along the filopodial shaft (Fig. 5C ). We will refer to these focal accumulations of actin as filopodial patches but do not intend to indicate that they are structurally and mechanistically identical to axonal F-actin patches. We observed filopodial patches in both control and PI3Kpep-treated filopodia. However, relative to control Antp-treated filopodia, treatment with PI3Kpep increased the percentage of filopodia initiating one or more filopodial patches (Fig. 5D ). PI3Kpep did not, however, affect the percentage of filopodial patches that gave rise to filopodial branches (Fig. 5D) . Thus, the formation of PI3Kpep-induced filopodial branches appears to follow the same general rules as the induction of filopodia from the axon shaft.
Laminin signaling through ␤1-integrins promotes axonal F-actin patch formation in the absence of NGF In our culturing system, in the absence of NGF, axons are growing through signals derived from the laminin substratum and baseline numbers of axonal filopodia and patches form without NGF treatment (Fig. 1) . We have shown previously that inhibition of laminin-integrin binding through treatment with a function-blocking anti-␤1 integrin antibody caused axon stalling and retraction in a dose-dependent manner, which correlates with approximately 50 and 90% decreases in neuronal attachment to the substratum (Ketschek et al., 2007) . We therefore sought to determine whether the axonal F-actin patches that form in the absence of NGF are dependent on laminin-integrin signaling. Treatment with a "low" concentration of the anti-␤1 integrin antibody, which causes axon stalling but not retraction, decreased the numbers of axonal F-actin patches by ϳ40% (Fig.  6 A) , similar to its partial effect on neuronal attachment to laminin (Ketschek et al., 2007) . Treatment with high concentration of the anti-␤1 integrin antibody caused axon retraction and the formation of pronounced axonal F-actin bundles (data not shown but similar to bundles induced by semaphorin-3A) (Gallo, 2006) and prevented clear analysis of F-actin patches. Analysis of the rate of formation of microdomains of GFP-Akt-PH in axons before and after antibody treatment revealed a 36% decrease (n ϭ 6; p Ͻ 0.001, paired t test). Collectively, these data indicate that axonal F-actin patches that form in the absence of NGF are under regulation by laminin through integrin-based PI3K-Akt signaling (Cary et al., 1999; Tucker et al., 2005) .
To gain additional insight into the relationship between integrin receptors and axonal F-actin patches, we determined their relative distributions in axons using a protocol designed to specifically reveal surface ␤1-integrins (Lemons and Condic, 2006) . Briefly, cells are fixed but the membrane is not extracted before application of primary antibodies, thereby minimizing entry of antibodies into the cytoplasm. Staining is then performed with an antibody to an extracellular domain of ␤1-integrins and a monoclonal anti-tubulin antibody directly conjugated to fluorescein. Areas of axons with damaged membranes that allowed for entry of antibodies into the cytoplasm are readily excluded from analysis because of the presence of tubulin staining in axon segments (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). ␤1-Integrin staining in regions of axons that do not exhibit tubulin staining is thus reflective of surface integrins. Consistent with previous reports, we observed that surface integrins are primarily detectable as clusters along the axon (Fig. 6 B) . Interestingly, we did not observe direct colocalization of surface ␤1-integrin clusters with axonal F-actin patches (Fig. 6 B) (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). However, when a patch was observed, a cluster of ␤1-integrins was also detected a mean distance of 1.04 Ϯ 0.45 m (mean Ϯ SD; n ϭ 104 patches from 14 axons) away from the center of patch. Of 104 measured patches, two exhibited direct colocalization with ␤1 clusters, and three patches did not have a ␤1-integrin cluster within a 3 m radius. Thus, although laminin-integrin signaling regulates the formation of axonal F-actin patches and microdomains of GFP-Akt-PH, integrin clusters do not regulate formation of patches with direct spatial apposition but rather within their vicinity, indicating that integrin clusters may provide a "permissive" intra-axonal environment for patch formation.
NGF induces axonal F-actin patches at sites of TrkA clusters
NGF-induced formation of axonal filopodia is dependent on signaling through the TrkA receptor (Gallo and Letourneau, 1998) . TrkA receptors are activated by NGF at concentrations significantly lower than the p75 neurotrophin receptor, and 0.1 ng/ml NGF is sufficient to significantly activate the TrkA receptor with maximal activation at 1 ng/ml (Kaplan et al., 1991) . Consistent with a TrkA-based mechanism, concentrations of NGF as low as 0.05 ng/ml increased the numbers of axonal F-actin patches (supplemental Fig. S7 , available at www.jneurosci.org as supplemental material). To gain additional insights into how TrkA receptor Figure 6 . ␤1-Integrins regulate the number of F-actin patches in the absence of NGF. A, Quantification of the number of axonal F-actin patches, as determined from phalloidin staining, in the distal 0 -20 and 20 -40 m of the axon after a 30 min treatment with a function-blocking monoclonal ␤1-integrin antibody (11 g/ml W1B10) or control IgG (11 g/ml mouse IgG). B, Example of the distribution of surface ␤1-integrin clusters and axonal F-actin patches. Three patches are noted, a relatively large patch (large green arrow) and two smaller patches (small green arrows, likely during early elaboration or late dissipation phases). The patches are present in the proximity of a bright cluster of ␤1-integrins (red arrow). Additional clusters of ␤1-integrins of varying intensity that do not have associated F-actin patches are also noted (yellow arrows).
signaling orchestrates the formation of patches, we determined the distribution of TrkA receptors relative to F-actin patches using an anti-chicken TrkA antibody directed at the extracellular domain of the receptor (Gallo et al., 1997) . To maximize the detection of surface TrkA receptors over internalized receptors, we used the same approach as described previously for monitoring surface ␤1-integrins. Consistent with our previous report (Gallo et al., 1997) , TrkA receptors are found in clusters along the axon (Fig. 7A) . In the absence of NGF, only 12% of patches colocalized with TrkA receptor clusters (n ϭ 84 patches, 20 axons). However, after NGF treatment, 59% of patches directly colocalized with TrkA clusters (n ϭ 142 patches, 20 axons) (Fig.  7B) . Because NGF promotes patch formation by ϳ100% above the baseline set by laminin signaling alone (Fig. 1) , it is not surprising that not all patches formed after treatment with NGF directly colocalize with TrkA clusters because some patches would be expected to form through the NGF-independent ␤1-integrin regulated mechanism. We also noted that 14% (no NGF) and 18% (NGF-treated) of F-actin patches that did not exhibit direct colocalization with a TrkA cluster were nonetheless surrounded by clusters of TrkA (Fig. 7C) , a type of organization we refer to as "rosette." Counts of the numbers of clusters found in rosettes around patches revealed that NGF treatment doubled the numbers of TrkA clusters per F-actin patch relative to no NGF ( p Ͻ 0.0001, Mann-Whitney test; n ϭ 28 and 59 patches with rosettes for no NGF and NGF, respectively). These data indicate that NGF elicits patch formation through a subset of axonal TrkA clusters.
NGF-induced axonal F-actin patches form in association with mitochondria
Although our data indicate that integrin-dependent but NGFindependent axonal F-actin patches form in the vicinity of clusters of ␤1-integrins and NGF-induced patches form in apposition to clusters of TrkA receptors, in both cases not all receptor clusters on axons were associated with axonal F-actin patch formation. These observations indicate that site of the formation of an axonal F-actin patch requires more than just the presence of the relevant receptors. We therefore investigated additional aspects of cellular organization that may contribute to the localization of axonal F-actin patch formation.
For actin to be polymerization competent, it must be loaded with ATP and the ATPase activity of actin is a major sink for neuronal ATP consumption (Bernstein and Bamburg, 2003) . Thus, starting with this consideration, we sought to determine the relationship between sites of axonal F-actin patch formation and axonal mitochondria, a major source of ATP for the axon. Furthermore, at least one actin regulatory protein (WAVE) has been found associated with the surface of mitochondria (Danial et al., 2003; Sung et al., 2008) . As shown previously (Figs. 4 B,  6 A), the rate of F-actin patch formation and number of patches are greatest in the distal-most 20 m of the axon. The distribution of axonal mitochondria, as revealed by MitoTracker staining, exhibits a similar gradient in the distal axon (Fig. 8 A) , suggesting a possible relationship between the formation of axonal F-actin patches and the location of mitochondria.
To directly determine the relationship between sites of axonal F-actin patch formation and the localization of individual mitochondria, we imaged 10 axons cultured in NGF, transfected with eYFP-actin and loaded with MitoTracker Red to reveal mitochondria in dual-channel imaging. Of a total of 92 patches that formed, 71 patches (77%) overlapped with mitochondria (Fig.  8 B) . To visually appreciate the relationship between the location of the formation of axonal F-actin patches and mitochondria, we generated a linear representation of each axon and noted the location of mitochondria and the sites of patch formation (Fig.  8C) . Of all patches that formed overlapping with mitochondria, 65% of these patches belonged to sets of two to three patches that formed in sequence over the same mitochondrion (Fig. 8C) . Because mitochondria account for 15 Ϯ 2% of the total area of the axon sampled in the time-lapse sequences, the association is not likely attributable to random overlap. Of the remaining 21 patches that did not colocalize with mitochondria, 14 of 21 (77%) formed at the base of a preexisting stable filopodium (shown in Fig. 8C ), suggesting that in some cases the base of the filopodium may contain "remnants" of a previous patch that can serve as a nucleus for patch reemergence. The remaining seven patches (8% of all patches) formed in regions of the axon that contained neither mitochondria nor were representative of the base of an existing filopodium.
We next determined the relationship between mitochondria and sites of axonal F-actin patch formation in neurons raised in the absence of NGF. Surprisingly, in the absence of NGF, we did not observe as a strong relationship between the localization of mitochondria and site of formation of actin patches. In the absence of NGF, 34% of patches formed in association with mitochondria ( p Ͻ 0.0001, 2 test, compared with in the presence of NGF). Furthermore, unlike in the presence of NGF when 77% of patches that were not associated with mitochondria arose at the base of existing filopodia, in the absence of NGF only 33% did so (n ϭ 22 patches). However, similar to in the presence of NGF, mitochondria accounted for 14 Ϯ 2% of the total area of the axon sampled in the time-lapse sequences. Thus, NGF orchestrates the association of sites of patch formation with mitochondria and the base of existing filopodia.
Treatment with PI3Kpep, similar to treatment with NGF, also promoted colocalization of axonal F-actin patch formation with axonal mitochondria. After treatment with PI3Kpep, 66% of patches (n ϭ 96 patches) formed in apposition with axonal mitochondria in contrast to 40% (n ϭ 58 patches) in controls treated with the control PI3KpepAla ( 2 test, p Ͻ 0.003). The PI3KpepAla treatment group was however not different from the absence of NGF treatment group ( 2 test, p ϭ 0.57; see above), the baseline group for treatment with any peptide. These data indicate that PI3K signaling suffices to induce the coordination of sites of axonal F-actin patch formation with axonal mitochondria.
We next determined whether mitochondrial oxidative phosphorylation is required for the formation of axonal F-actin patches. Sodium azide inhibits mitochondrial respiration through inhibition of cytochrome c oxidase (Duncan and Mackler, 1966) and ATP synthetase (Herweijer et al., 1985) , resulting in dissipation of mitochondrial potential and shape changes [25 mM, 15 min treatment (Kaasik et al., 2007) ] and depleting ATP levels by ϳ60% within 10 min of treatment [5 mM (Gomez-Niño et al., 2009)].
We therefore determined the effects of sodium azide (25 mM, 15-20 min treatment) on the rate of formation of axonal F-actin patches using neurons cultured in the presence or absence of NGF. Regardless of the presence of NGF, sodium azide treatment inhibited the formation of axonal F-actin patches by 61% (NGFϩ) and 72% (NGFϪ) (Fig. 8 D) . Although treatment with sodium azide decreased the formation of new patches, it also increased the lifespan of patches that formed, similarly in the presence or absence of NGF (Fig. 8 D) . These data indicate that, regardless of NGF, ATP generated from mitochondrial respiration contributes to patch initiation and the maintenance of actin turnover in axonal patches (Minamide et al. 2000) .
Discussion
Collateral branching is a fundamental mechanism for the generation of appropriate synaptic networks and underlies aspects of neuronal plasticity in the context of injury (Hagg, 2006) . In this study, we detail novel aspects of the cytoskeletal and signaling mechanism that mediate the formation of axonal filopodia, the first step in branching. We report that axonal microdomains of PIP 3 generated by the activity of PI3K drive the formation of F-actin patches, which are cytoskeletal precursors to the formation of filopodia. Our results provide a new perspective on the regulation of axonal filopodial formation by surprisingly showing that NGF promotes the formation of axonal filopodia by increasing the rate of formation of axonal F-actin patches without altering the rate of formation of filopodia from patches. The black and white panel shows the locations of the mitochondria at 0 s, denoted by the brackets. Seconds into the time-lapse after time ϭ 0 s are denoted. C, Graphical representation of the sites of formation of F-actin patches and mitochondrial localization in the dataset. Note that the locations of all patches formed during the imaging period are shown and color coded, as noted in the legend below the image, to denote their relationship to mitochondria, the base of existing filopodia, or the absence of any detectable landmark. D, Treatment with 25 mM sodium azide (NaAz; 15-20 min) to inhibit mitochondrial respiration decreased rates of patch formation. Rates of patch formation and patch lifespans were determined from the distal 40 m of axons imaged for 5 min before and again after 15-20 min of treatment with sodium azide. A total of seven and nine axons were sampled for no NGF (NGFϪ) and NGF (NGFϩ) groups, respectively. Paired t test used for analysis.
The axon exhibits low protrusive activity and sparse actin filaments (Letourneau, 2009) and forms through the poorly understood process of consolidation (Dent and Gertler, 2003) . Consolidation is an active process that suppresses actin-based protrusive activity along the axon through RhoA, RhoA-kinase, myosin II, and calpain-mediated proteolysis of cortactin (Loudon et al., 2006; Mingorance-Le Meur and O'Connor, 2009 ). Thus, a major challenge is to determine the mechanisms that locally regulate the axonal F-actin cytoskeleton resulting in the formation of filopodia from the consolidated axon. In this report, we elucidate this issue by demonstrating that both the extracellular matrix (e.g., laminin) and growth factors (e.g., NGF) locally promote the formation of axonal F-actin patches, and in turn filopodia, through localized microdomains of PI3K activity.
The formation of axonal filopodia can be regulated at the level of the rate of formation of axonal F-actin patches without affecting the emergence of filopodia from the patches. Thus, we suggest that axonal patches represent an axonal "program" for filopodial formation whose activation is regulated by extracellular signaling. The transition phase of F-actin patch development gives rise to the filopodial shaft and likely involves the reorganization of F-actin by actin binding proteins, as demonstrated for the filament bundling protein fascin (Svitkina et al., 2003; Vignjevic et al., 2006) . A link between PI3K-mediated patch formation and the transition phase may rest in the connection between PI3K, PKC, and fascin. Fascin is a PKC substrate (Vignjevic et al., 2006) and PI3K can potentiate PKC activity (Parekh et al., 2000) . Thus, PI3K activity may regulate formation of filopodial actin bundles from patches through PKC/fascin. Furthermore, Ezrin/Radixin/ Moesin are important for the formation of filopodia (Parisiadou et al., 2009) and are under regulation by PI3K (Gallo, 2008) . PI3K also drives additional signaling pathways that can regulate the cytoskeleton, including the RhoA-family GTPases Cdc42 and Rac1, and GSK-3␤ (Cosker and Eickholt, 2007) . The axonal F-actin patch system provides an excellent platform for dissecting the functions of additional signaling components in the mechanism used by PI3K to control formation of axonal filopodia.
Although our data show that NGF regulates the formation of filopodia at the level of patch formation but not the emergence of filopodia from patches, it remains a possibility that other signals (e.g., netrin) may elicit formation of filopodia by regulating the transition phase of patch development, possibly through regulation of Ena/Vasp proteins (Lebrand et al., 2004) . Furthermore, because the axon shaft contains low levels of F-actin, a major question to be addressed in future studies will be the identity of F-actin nucleating molecules that drive the formation of F-actin patches. Unpublished studies from our laboratory indicate that the Arp2/3 actin nucleating complex contributes to the formation of F-actin patches induced by NGF and PI3Kpep (M. Spillane and G. Gallo, unpublished observations). However, because Arp2/3 nucleates actin filaments branching from existing filaments (Pollard, 2007) , additional nucleating systems are also likely operative in F-actin patches, possibly the neuron enriched nucleator cordon bleu (Ahuja et al., 2007) or formins (Paul and Pollard, 2009) .
PI3K activity preferentially localizes to protrusive regions of non-neuronal cells and regulates protrusion (Weiger et al., 2009) and cell migration (Cain and Ridley, 2009) . Previous studies on growth cones have similarly revealed an accumulation of PIP 3 induced by both laminin and NGF (Ménager et al., 2004; Zhou et al., 2004) , and PI3K has been involved in the formation of axonal and dendritic branches (Kwon et al., 2006; Drinjakovic et al., 2010) . However, the cellular and cytoskeletal mechanism by which PI3K signaling regulates axonal morphology are poorly understood. To our knowledge, this is the first report of axonal microdomains of PIP 3 accumulation. Furthermore, we demonstrate a function for these microdomains, the formation of axonal F-actin patches. Given the multitude of roles of PI3K signaling in cells, it seems likely that these microdomains may also have additional functions (e.g., membrane expansion) (Laurino et al., 2005) . The restricted localization of these microdomains in axons may reflect localized targeting of PI3K or exclusion of the antagonizing phosphatase PTEN. In growth cones, semaphorin3A targets PTEN to the leading edge (Chadborn et al., 2006) , thereby decreasing levels of PIP 3 , and, in non-neuronal cells, PTEN activity maintains polarized PIP 3 levels in the leading edge (Merlot and Firtel, 2003) suggesting that the targeting of PTEN to cellular subdomains may be a relevant mechanism. Additional studies will be required to determine the mechanisms that drive the localized formation of axonal microdomains of PIP 3 accumulation.
The data demonstrate that both ␤1-integrin and TrkA receptor signaling drives formation of actin patches through PI3K signaling. The distributions of F-actin patches vis-à-vis ␤1-integrins and TrkA receptors indicate that ␤1-integrins signal a permissive intra-axonal environment for patch formation, whereas TrkA receptors appear to locally induce formation of patches in response to NGF. Our data identify spatial relationships between receptor clusters and patches. Whether the clustering of receptors is required for patch formation or vice versa will be an interesting venue of future investigation. Although integrin signaling through PI3K is well established (Alahari et al., 2002) , additional localized intra-axonal mechanisms likely converge to promote the formation of F-actin patches. For example, laminin induces axon branching through the activity of the Ral GTPase (Lalli and Hall, 2005) , which promotes filopodial formation (Ohta et al., 1999; Sugihara et al., 2002) . It will be of interest in the future to determine whether and how Ral GTPase regulates the formation of F-actin patches and filopodia. Furthermore, laminin promotes PIP 3 accumulation in growth cones (Ménager et al., 2004) , but whether PIP 3 is involved in the Ral pathway remains to be investigated. The reason why not all TrkA clusters correlate with patches after NGF treatment remains to be elucidated. However, differential local availability within the axon of components of signal transduction pathways, cytoskeletal mechanisms, or additional aspects of cytological organization may underlie this heterogeneity.
Consistent with this idea, our observations suggest a role for axonal mitochondria in determining sites of NGF-induced F-actin patch formation. Focal application of NGF induces localized formation of axonal filopodia (Gallo and Letourneau, 1997) , recruitment of mitochondria (Chada and Hollenbeck, 2004) , and increased mitochondrial potential (Verburg and Hollenbeck, 2008 ) through a PI3K-based mechanism. Furthermore, PIP 2 negatively regulates axonal mitochondria transport (De Vos et al., 2003) . Our data indicate that activation of PI3K during NGF signaling suffices to coordinate the sites of actin patch formation with mitochondria. It will be of interest to further dissect the mechanism downstream of PI3K that accomplishes this coordination (Zinsmaier et al., 2009 ). One possibility is that actin patches may serve as docking sites for mitochondria, as suggested by the finding that depolymerization of actin filaments prevents mitochondria from accumulating at sites of localized axonal NGF signaling (Chada and Hollenbeck, 2004) , which also promotes localized increases in axonal F-actin content and the formation of filopodia (Gallo and Letourneau, 1998) . It is intriguing to speculate that the coordination of mitochondria with sites of patch formation along the axon by NGF/PI3K may represent a mecha-nism whereby the relevant building blocks of collateral branches are spatially coordinated to facilitate branch formation.
Mitochondria promote the plasticity of dendritic spines (Li et al., 2004) and the actin regulatory protein WAVE1 can colocalize with mitochondria (Danial et al., 2003; Sung et al., 2008) , indicating that mitochondria may localize aspects of the actin regulatory machinery. Interestingly, halting axon extension causes both retrograde redistribution of mitochondria (Morris and Hollenbeck, 1993) and increased axonal protrusive activity (Davenport et al., 1999) . To our knowledge, no study has previously directly linked these two variables, but it is tempting to speculate the redistribution of mitochondria in axons as a function of axonal growth state may in turn regulate the localization of protrusive activity along the axon shaft.
In conclusion, this report elucidates some of the earliest steps in the formation of axonal filopodia. The importance of understanding the formation of axonal filopodia is underscored by their roles in collateral branching and synaptogenesis. Our study provides novel insights into the cellular mechanism used by NGF to induce formation of axonal filopodia by demonstrating that the crucial variable regulated by NGF is the rate of formation of axonal F-actin patches through PI3K-Akt. Additional studies will be required to dissect the mechanisms that establish axonal microdomains of PI3K activity, and the signaling and cytoskeletal effectors downstream of PI3K-Akt that ultimately result in the formation of axonal F-actin patches, filopodia, and axon branches.
